L iver resection remains the only curative treatment of most patients with primary or secondary malignant liver tumors. Developments in surgical techniques and postoperative care have increased the number of resectable candidates and have enabled more extended anatomic and nonanatomic resections. 1 Extended resections, however, stand a risk of postoperative liver failure. Liver dysfunction may be only transient if the liver has the ability to regenerate, but is prolonged when regeneration is impaired exposing the patient to potentially life-threatening complications. Mortality of posthepatectomy liver failure, despite intensive care treatment, remains as high as 60% to 90%. 1 In particular, patients with parenchymal liver disease have an increased risk of postoperative mortality and morbidity because of the underlying pathogenic features affecting liver regeneration and recovery. 2 Fatty liver or hepatic steatosis is a common histologic finding in human liver biopsy specimens, and it is estimated that more than 20% of the patients planned for liver resection have some degree of steatosis. 2 The adverse effects of steatosis in liver surgery was at first acknowledged in transplantation studies reporting impaired outcome of steatotic grafts due to increased risk of primary nonfunction or dysfunction. [3] [4] [5] [6] Most recent data show that even the mildest form of steatosis increases the incidence of primary nonfunction and decreases patient survival after liver transplantation. 7 Steatosis has also been gradually associated with an amplified postoperative morbidity and mortality after liver resection. 8, 9 The evolving knowledge about hepatic steatosis combined with the increasing prevalence in the future emphasizes understanding of the implications of steatosis for hepatic surgery.
This review focuses mainly on the aspects of steatosis associated with liver resection since the influence of steatosis in liver transplantation has been extensively reviewed in a number of publications. 10 -13 However, living-donor liver transplantation (LDLT) as a more recent modality of liver transplantation encompasses major liver resection on the part of the donor and will therefore be discussed here. Prevalence, pathogenesis, and diagnosis of steatosis are discussed to evaluate the impact of steatosis in liver surgery with particular emphasis on patient morbidity and survival. The data gained from experimental and clinical studies are discussed with the intention of clarifying the mechanisms behind the increased vulnerability of steatotic livers in liver surgery. Finally, different approaches including pharmacologic and surgical strategies to improve outcome of patients with liver steatosis after resection are presented and discussed.
Definition
Hepatic steatosis is characterized by an accumulation of lipids in the liver and is related to a spectrum of etiologic features such as obesity, diabetes, excessive use of alcohol, and a variety of drugs and toxins.
14 Fatty accumulation is considered pathologic when the hepatic fat content, consisting mainly of triglycerides, exceeds 5% of the actual wet weight of liver. 15 Steatosis can progress to a more severe inflammatory form as a consequence of excessive alcohol abuse or as in nonalcoholic fatty liver disease in nondrinkers. Nonalcoholic fatty liver disease is a clinical and histopathologic entity resembling alcohol-induced liver injury occurring in patients with little or no history of alcohol consumption. 16 Recently, development of steatohepatitis has also been reported after neoadjuvant chemotherapy used to downstage patients with unresectable liver metastases. 17 Steatohepatitis and nonalcoholic steatohepatitis are characterized by fat infiltration, hepatocyte ballooning, necroinflammatory changes together with progressive fibrosis and can eventually lead to cirrhosis in some patients.
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Incidence and Epidemiology of Hepatic Steatosis
Steatosis is the most common chronic liver disease in the world, affecting all racial, ethnic, and age groups without sex predilection. Even though the global prevalence has yet to be evaluated, studies report prevalence of 10% to 20% in lean population (body weight Ͻ110% of the ideal weight), 60% to 74% among the obese and over 90% in the morbidly obese (body weight Ͼ200% of ideal weight). 19 -22 Approximately 3% of lean children are affected and the prevalence increases up to 53% among obese children. 23, 24 Incidence of steatohepatitis ranges from 3% in lean population, to 18% among obese to almost 50% in morbidly obese individuals. 25, 26 The added risk to develop cirrhosis is 10% to 30% and is, to date, only seen in patients with steatohepatitis being associated with a decreased 5-and 10-year survival of 67% and 59%, respectively. [27] [28] [29] The prevalence of steatosis and steatohepatitis is expected to dramatically increase in the near future due to increasing obesity among the Western population.
Clinical Manifestations Clinical and Laboratory Abnormalities
Most patients have no clinical manifestations at the time of diagnosis and hepatomegaly is often the only finding on physical examination. 19, 25 Steatosis is usually an incidental finding as it is the most common cause of mild to moderate and asymptomatic elevation of plasma aminotransferases after other chronic liver diseases have been excluded. 30 The ratio of aspartate aminotransferase to alanine aminotransferase is usually less than 1 in the presence of steatosis, but the predictive value of this ratio is poor in patients with severe steatosis and advanced parenchymal fibrosis. Serum alkaline phosphatase and gamma-glutamyltransferase are often above normal ranges and also elevated serum lipids and glucose concentrations are a common finding in up to 75% of all patients. 31 Other possible laboratory abnormalities include hypoalbuminemia, prolonged prothrombin time, and hyperbilirubinemia. 32 These parameters are, however, infrequently present in the patients with an advanced stage of disease. 33 Anthropometric measurements such as a body mass index (BMI) ϭ weight (kg)/height (m 2 ) and hip-waist ratio have been shown to have some correlation with prevalence and severity of steatosis and might be useful in the assessment of patients for liver surgery.
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Methods of Quantifying Fatty Changes Histopathology Findings
The gold standard of diagnosis is histopathologic evaluation of several liver biopsies, as a single biopsy can result in substantial misdiagnosis and staging inaccuracies. 11,19 -22,26,36 However, the risk of fatal bleeding after biopsy is estimated to be 0.4% and for nonfatal bleeding, 0.57%, and is therefore not routinely performed in patients without apparent complicated liver disease. 37 Recently, a uniform quantitative grading for steatosis and steatohepatitis has been suggested, combining the identified key pathologic features. The severity is expressed as percentage of fatty hepatocytes of all hepatocytes. Further additional staging for steatohepatitis consists of the degree of portal and lobular inflammation, ballooning degeneration, Mallory bodies, and severity of fibrosis. 38 Besides quantitative grading, steatosis can be classified qualitatively into microvesicular and macrovesicular forms. The most common clinical conditions causing these two forms of steatosis are summarized in Table 1 . Most frequent is the macrovesicular one, in which the hepatocytes contain one single large fat vacuole, squeezing the nucleus into the cell periphery. This form of steatosis is frequently associated with obesity, non-insulin-dependent (type 2) diabetes, some dyslipidemias, and alcohol abuse. In microvesicular steatosis, the fat vacuoles are smaller than the cell nucleus and therefore remain central. This form is usually related to more acute conditions such as acute viral infec- The histopathologic features of steatosis are evaluated in preoperative needle biopsies or operative wedge specimens that are frozen and/or deparaffinized. 40 The staining methods currently used are hematoxylin and eosin with which the fatty changes are assessed by considering the nonstained regions. In addition, specific fat stains such as Oil Red O and Sudan IV are used. However, there are several problems in clinical application of these staining methods. The conventional techniques applying hematoxylin and eosin potentially underestimate the extent of fatty infiltration as they fail to identify microvesicular forms of steatosis. 41 Also the fat specific stains have pitfalls, for example, in Oil Red O-stained liver tissue, the quality and quantity of the staining are highly operator-dependent and false-positive results or overestimation of the severity are possible because of unspecific sinusoidal staining.
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Imaging Studies
Despite widespread clinical use of imaging methods, ultrasound (US), computed tomography (CT), or magnetic resonance imagining (MRI) can only to some extent detect the degree of steatosis. On US, steatosis generates an area of diffusely increased echogenicity whereas on CT, a parenchyma with low-density is seen. Even though US is the least expensive and most easily available imaging technique, CT can be used for semiquantitative assessment of fat accumulation. 42 Although liver density assessed by CT reflects the presence of steatosis and correlated with a positive biopsy, a false-negative rate of 24% has been reported. 43 The advantage of MRI is the possibility to distinguish focal spaceoccupying lesions from focal fatty infiltrations. 44 However, Saadeh et al reported in a study applying state-of-the-art equipment for US, CT, and MRI that only a hepatic fat accumulation above 25% to 30% can be reliably detected radiologically. 45 Also, none of these modalities was able to either distinguish steatosis from steatohepatitis or to detect individual pathologic features important to establish steatohepatitis such as necroinflammatory changes, hepatocyte ballooning, and fibrosis. 34 This study demonstrated the limited role of radiologic modalities in the management of patients with steatosis.
Clinical Impact of Steatosis on Hepatic Surgery Background
The mortality rate associated with liver resections in the absence of parenchymal disease has declined to far below 5% during the last decade. 46 -48 Even zero mortality can be achieved with systematic preoperative patient selection as a recent study reported a cohort of 915 patients who were routinely screened for preoperative liver function to calculate the extent of safe resection. 49 Also, the indications for liver resection have much changed and an increasing proportion of patients with extensive hepatobiliary malignancies, including patients with additional cirrhosis, may be curatively resected, sometimes using complex reconstructions of vascular structures. 50 However, the clinical importance of other parenchymal liver diseases, such as steatosis, is unclear and a potentially increased risk of impaired postoperative recovery has been suggested. Especially, the clinical importance of the severity of steatosis and related underlying pathologic derangements remain undefined.
Effect of Steatosis on Posthepatectomy Morbidity and Mortality
There are few studies reporting the impact of steatosis on postoperative morbidity and mortality after liver resection (Table 2) . Mortality is assessed as in-hospital mortality or 60 days mortality after operation, and there are no studies evaluating 5-or 10-year survival of steatotic patients with hepatic malignancy. As the first in 1998, Behrns et al evaluated in a retrospective study of 135 patients, the safety of major resection in patients with hepatic steatosis. 8 They reported an increased postoperative mortality, morbidity, and blood trans- fusion together with longer operative time in the presence of steatosis. Furthermore, steatotic patients had increased plasma aminotransferases and bilirubin levels, reflecting postoperative liver dysfunction, and 14% had acute liver failure versus 4% in patients with normal liver parenchyma. 5 Belghiti et al, in a cohort of 478 elective liver resection patients including 37 patients with steatosis, showed that steatosis was an independent risk factor for postoperative complications. 9 Complications occurred in 8% of patients with steatosis versus 2% in patients with normal parenchyma. However, in this cohort study, no effect on in-hospital mortality was seen. In contrast, Little et al 51 reported a negative effect of steatosis on in-hospital mortality. The main objective of the latter study was to investigate the role of diabetes mellitus in postoperative mortality and morbidity rates within 30 days of operation. Interestingly, in a cohort of 727 patients, 224 patients (31%) had some degree of steatosis with mortality that was significantly increased (4.9% vs. 2.0%, in normal and steatotic patients, respectively). However, no differences were seen in postoperative complications (45% and 37%, in steatotic and nonsteatotic livers, respectively). 51 Jarnegin et al published so far the largest cohort of 1803 liver resections performed in one institution. 52 In 997 patients (55%) the non-tumor-bearing liver was histologically normal whereas steatosis was diagnosed in 325 patients (18%) without further staging of steatosis severity. In contrast to the previous studies of Belghiti et al 9 and Behrns et al, 8 Jarnegin et al 52 did not report any effect of steatosis on perioperative outcome. However, the authors speculated that this was probably because of the small number of steatotic patients and the much larger proportion of patients with normal parenchyma in their study. 52 Therefore, Kooby et al reviewed the above-mentioned cohort of 1803 patients in a later study. 53 In this study, 160 patients with normal liver parenchyma were randomly selected to match the 325 patients with steatotic livers by age, comorbidity, and the extent of resection. Furthermore, the severity of steatosis was assessed; 223 patients had mild (Ͻ30%) hepatic steatosis, 64 had moderate (30%-60%) steatosis, 38 severe (Ͼ60%) steatosis, while patients with fibrosis were excluded. Patients with moderate and severe steatosis were combined in one group described as marked steatosis (Ͼ30%, n ϭ 102). Total complications (62%, 48%, and 35%; in marked and mild steatosis and normal parenchyma, respectively) and infective complications (43%, 24%, and 14%) correlated with the degree of steatosis. However, no differences were observed in complications requiring major medical intervention, hospitalization time, or admission to the intensive care unit. In multivariate analysis, steatosis was an independent predictor of complications, and there was a nonsignificant trend toward higher 60-day mortality in patients with resection of one lobe or more and in patients with marked steatosis (9.4% mortality associated with marked steatosis vs. 5.0% in mild steatosis and 5.0% in control patients, respectively).
Impact of Steatosis in Living-Donor Liver Transplantation (LDLT)
LDLT is an option to increase organ availability in a time when the waiting lists for cadaveric liver transplantation are growing. LDLT was initially applied in the setting of pediatric liver transplantation in which donation of left lateral segments took place. 54 In recent years however, LDLT has been successfully applied in adults as right lobe LDLT. 55, 56 Even though LDLT has several advantages, ie, optimal donor screening and planning of transplantation procedure, ethical concerns remain. For LDLT donors, several screening criteria exist, mainly consisting of clinical, biochemical, radiologic, histologic, and repeated psychologic evaluations. 57 Currently, LDTD donors, as well cadaveric donors presenting with steatosis above 20% to 30%, are generally excluded obscuring the complete impact of steatosis in LDLT. 55 Soejima et al reported in a series of 52 LDLT patients consisting of patients with no steatosis (n ϭ 23), mild steatosis (n ϭ 23), or moderate steatosis (n ϭ 6), a comparable 1-year donor and graft survival in all groups; no primary nonfunction was observed in any patient group. 58 Hayashi et al reported, in a cohort of 338 LDLT patients, that 41 patients that had received donor livers with varying degrees of steatosis (25 mild, 13 moderate, and 3 severe). Regarding the donor operation, there was no long-term morbidity or mortality, and the hospital stay was similar to those with normal liver. Furthermore, there was no difference in outcome between patients receiving steatotic or normal grafts. 59 Also, Ito et al reported no impact of steatosis on cumulative donor survival at any of the United Network for Organ Sharing categories; complications were not analyzed in regard with degree of steatosis. 60 Yoong et al showed in their study of 116 LDLT patients requiring retransplantation that severe steatosis had a serious negative effect on graft survival. 61 Ten patients with a donor liver presenting with severe microvesicular steatosis (Ͻ66% of hepatocytes were affected) had a dramatically poorer 1-year graft survival of 20% compared with 57% in the nonsevere steatosis group. The graft failure rate was 100% in the severe group after a median survival of 1.5 months (vs. 59% in the nonsevere steatosis group). From these studies, even though limited in number, it can be concluded that mild steatosis does not seem to affect the prognosis of living donors and recipients, but livers with severe steatosis should not be transplanted.
Conditions Associated With Hepatic Steatosis Insulin Resistance
Patients with nonalcoholic fatty liver disease have an increased prevalence of non-insulin-dependent diabetes, but the actual role of diabetes in postoperative recovery is unclear as studies report contradictory results. Non-insulin-dependent diabetes was identified as independent and significant variable predicting major postoperative complications in a cohort of 209 patients. 62 However, contrary to this study, a study including 525 diabetic and nondiabetic HCC patients, reported no difference in perioperative morbidity or mortality after resection and no effect was observed in long-term prognosis. 63 Although the impact of diabetes on postoperative complications remains unclear, an increased rate of wound infections in patients with disturbed glucose homeostasis is reported in an impressive cohort of over 20,000 patients. 64 
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Obesity
Obesity is crucially linked with steatosis as the prevalence among obese is up to 75% and among morbidly obese up to 100%. 16 In the past, obesity has been linked to increased perioperative technical complications leading to prolonged postoperative recovery. However, Dindo et al prospectively investigated a cohort of 6336 patients undergoing elective surgery and found no increase in postoperative morbidity and mortality between obese and nonobese, not even in morbidly obese patients with BMI above 40. 65 In contrast to general obesity, body fat accumulation (subcutaneous or intraabdominal) has been reported to be independently associated with postoperative morbidity after gastric or colorectal surgery in a prospective study of 139 patients who underwent gastric or colorectal cancer surgery. 66 
Mechanisms of Fat Accumulation/Steatosis
Nonesterified fatty acids accumulate when the hepatic uptake exceeds the output, usually due to altered lipid ingestion and/or lipoprotein metabolism. This can be a consequence of an excessive supply of free fatty acids (FFAs) in the liver, diminished hepatic export of FFA, and/or impaired mitochondrial beta-oxidation of FFA. 67, 68 Nonesterified fatty acids inhibit beta-oxidation, subsequently decreasing the production of acetyl-coenzyme A, an important precursor of Krebs cycle and gluconeogenesis leading to depletion of 2 important energy sources, ie, beta-oxidation and gluconeogenesis in steatotic livers. 
Two-Hit Theory
The exact pathogenesis of steatohepatitis is unclear, but a two-"hit" theory proposed by Day and James is most widely supported. 70 Fat accumulation is the essence and constitutes the first "hit." Additionally, there are an increasing number of contributors recognized as the second "hits" that initiate and sustain the progression to steatohepatitis and subsequently cirrhosis in some patients. Increased oxidative stress, lipid peroxidation, mitochondrial p-450 cytochrome induction and distorted energy homeostasis, bacterial endotoxins, Kupffer cell dysfunction, and induction of Fas ligand promoting fibrinogenesis all play an important role.
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Oxidative Stress
Increased oxidative stress and lipid peroxidation are identified in the literature as the most prominent pathogenic features of injury in steatosis. 73 Intracellular fatty acids induce oxidative stress by direct toxicity, or by activation of several microsomal cytochrome p-450 lipoxygenases or increase of peroxisomal beta-oxidation. 74 Induction of hepatic cytochrome p-450 2E1 (CYP2E1) in a murine nonalcoholic steatohepatitis model is reported to be linked with a dramatic increase of total lipid peroxidation. 75, 76 As a consequence, lipid peroxidation and reactive oxygen species (ROS) deplete antioxidant enzymes, such as glutathione, rendering the liver susceptible to oxidative injury. 77 
Energy Homeostasis
Altered mitochondrial homeostasis contributes also to the pathogenesis of steatohepatitis by increasing oxidative stress. Mitochondria in steatotic hepatocytes produce excessive amounts of ROS leading to up-regulation of uncoupling protein-2, a mitochondrial inner membrane protein that decreases the mitochondrial adenosine triphosphate (ATP) production in fatty hepatocytes. 78 Therefore, the efficacy of ATP synthesis in steatotic livers is compromised and ATP homeostasis insufficiently recovers after insults such as liver resection or ischemia-reperfusion injury (I/R) injury additionally consuming hepatic ATP reserves. 79 Peroxisomes take over beta-oxidation of fatty acids, especially in fatty livers were the mitochondrial oxidative capacity is outdone. The peroxisomal enzymes are regulated by the nuclear hormone receptor proliferation activation receptor (PAPR)-alpha and transcriptional up-regulation is observed in obese and diabetic rodents. 72, 74 The up-regulation of PARP-␣ induces oxidative stress by increasing hydrogen peroxidase, a byproduct of increased beta-oxidation. 80 
Insulin Resistance
Other identified factors contribute to the development of steatohepatitis either by affecting hepatic lipid metabolism and/or inducing inflammatory response. There is increasing evidence of the crucial role of insulin resistance in the pathogenesis of hepatic steatosis as it is frequently observed in obese and type 2 patients with diabetes but also in lean patients with steatosis. 81 Insulin resistance alters lipid metabolism by enhancing peripheral lipolysis and increasing triglyceride synthesis. 82 Furthermore, increased insulin concentrations block mitochondrial fatty acid oxidation and together with all these features contribute to net retention of lipids within the liver.
Mechanisms of Injury During Hepatic Surgery in Steatotic Livers Liver Resection
Liver resection is associated with a risk of mortality and morbidity closely related to volume and function of the remnant liver. Tolerance to warm I/R in case of hepatic pedicle clamping and sufficient postoperative regenerative capacity are crucial for an uncomplicated postoperative recovery of hepatic volume and function. 83 I/R injury is considered as the main contributor to hepatocellular damage during liver resection as posthepatectomy liver failure is often caused by aggravated I/R injury. 84 There are several mechanisms involved in I/R injury co-contributing to the increased susceptibility of the liver to I/R injury, thus delaying functional and morphologic recovery of steatotic livers after liver resection.
A variety of animal models of liver steatosis are applied in the studies investigating the impact of steatosis in liver surgery. The most widely used models are summarized in Table 3 . Hepatic steatosis can be induced by genetic leptin mutation (Zucker rats, ob/ob mice) or by modulation of nutritional factors. The genetically modified rodents overeat due to lack of the controlling effect of leptin and consequently develop combined microvesicular and macrovesicular steatosis without inflammatory changes. 72 The nutritional models are based either on diets of high fat percentage or of amino acid deficiency, ie, choline and methionine, essential for hepatic lipid excretion.
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Mechanism of Ischemia: Reperfusion Injury
Inflow occlusion by clamping of the hepatic pedicle (Pringle's maneuver) in combination with maintaining low central venous pressure is often applied in extensive hepatic surgery to reduce blood loss during parenchymal transection. The process of occlusion and reperfusion induces hepatic I/R injury as manifested during the reperfusion period when the blood flow recirculates the previously ischemic liver remnant. 85, 86 I/R injury is related to increased hepatic ROS production and cellular pH changes, increased inflammatory responses and reduced hepatic microcirculation by sinusoidal vasoconstriction. [87] [88] [89] The increased vulnerability of the steatotic liver to I/R injury is suggested to be due to a combination of both microcirculatory blood flow and cellular changes. 90 
Microcirculation
Experimental studies indicate that the degree of steatosis shows an inverse correlation with hepatic blood flow and microcirculation. Even mild steatosis (Ͻ30% hepatocytes affected) reduces both total hepatic blood flow and microcirculatory flow. 91 The degree of steatosis has more impact on the microcirculation than on total blood flow as demonstrated by decreased sinusoidal flow. This is attributable to narrowed sinusoidal lumens caused by swollen fatty hepatocytes. 92 In addition, less visible vascular beds and distorted sinusoidal beds contribute to increased intrahepatic vascular resistance decreasing flow in fatty livers. 90, 93 As a result of decreased total perfusion, a continuous state of chronic cellular hypoxia persists in fatty hepatocytes predisposing the steatotic liver to I/R injury. 94 In addition, sinusoidal lumens are narrowed by fibrin microthrombi and cellular debris during reperfusion and further decrease sinusoidal perfusion. 95 Although Selzner et al did not find any differences in portal pressure in steatotic liver, 96 it seems that microcirculatory failure plays an important role in the mainly necrotic cell death after I/R in fatty livers.
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Energy Homeostasis
The impaired energy homeostasis is considered to sensitize steatotic livers to further surgical stress. The total ATP synthesis is decreased in fatty hepatocytes because of decreased mitochondrial ATP synthase. 98 Additionally, the depletion of beta-oxidation and gluconeogenesis compromises cellular integrity since glycogen is essential for the integrity maintenance by supplying glucose to ATP synthesis. In the absence of glycogen, for example, due to increased consumption by surgical stress, ATP depletion triggers irreversible hepatocellular necrosis. 99, 100 Furthermore, the ability to recover the depleted hepatic ATP storage is severely impaired in patients with obesity-related steatohepatitis. 98, 101 The mitochondrial dysfunction is speculated to be due to structural changes seen in mitochondrial matrix in electron microscopy studies.
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Cellular Consequences
Sinusoidal endothelial cells in steatotic livers show more leukocyte adherence contributing to sinusoidal congestion during reperfusion. 104 Although sinusoidal endothelial cells in steatotic livers are more vulnerable to structural damage, it is unclear if this is due to changes in the sinusoidal endothelial cells or in the surrounding hepatocytes. Nonfatty hepatocytes are considered relatively resistant to oxidative stress during reperfusion with apoptosis as the main form of cell death after I/R. Apoptosis induced only minimal local response as no local proinflammatory response is activated. Steatotic hepatocytes, however, are not able to induce energyconsuming apoptosis but go through necrotic cell death probably as a result of impaired ATP homeostasis. 94, 102 The resident macrophages of the liver, ie, the Kupffer cells are activated in the early and late phases of reperfusion and further generate mediators such as cytokines as tumor necrosis factor alpha, interleukin (IL)-1␤ and chemokines initiating local and systemic inflammatory responses ultimately resulting in hepatocellular damage. 105 Kupffer cells are activated by ROS leaking from damaged hepatocytes and 72 This Kupffer cell dysfunction amplifies the inflammatory response and further escalates the hepatocellular injury induced by I/R injury. In addition, increased chemokine-induced neutrophil chemoattractant contributes to hepatic injury by attracting neutrophils producing additional ROS and multiple proteases. 72 I/R injury by itself causes cell swelling and leukocyte adhesion and the neutrophil accumulation further contributes to impaired regional and sinusoidal blood flow.
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Mechanisms of Impaired Liver Regeneration
Impaired liver regeneration is an important clinical complication of steatosis, manifesting as increased morbidity and mortality after partial hepatic resection. 8, 9 The mechanism(s) of impaired liver regeneration remain unclear, but investigations in different experimental models of steatosis have implicated abnormalities in the cell cycle progression.
The ob/ob mice show increased basal rates of hepatocyte proliferation and up-regulated antiapoptotic pathways; however, despite these features, ob/ob mice displayed impaired liver regeneration after endotoxin-mediated hepatocellular injury. 110 -112 For normal liver regeneration, several cytokine-dependent and cytokine-independent pathways are essential. In steatotic rats, impaired liver regeneration was found to be associated with interruption in the normal IL-6 signaling pathway, a critical pathway that primes the hepatocytes to respond to mitogenic signals. 113, 114 Furthermore, failure of signaling at the level of G1/S phase transition in the cell cycle was observed in fatty hepatocytes during hepatocyte proliferation. This arrest has been proposed to be due to a combination of factors such as the inhibition of induction of the cyclin D1 gene and MAP kinases in the G1 phase of cell cycle. 110, 115 The IL-6 signal is further transduced through the activation of Janus family of kinases, which in turn triggers the signal transducer and activator of transcription (STAT)-3.
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Levels of activated STAT-3 have been reported to be higher in ob/ob mice than in lean controls at baseline; however, decreased proliferation shown by BrdU labeling has also been observed. Therefore, even though STAT-3 activation is necessary for proliferation, it is not sufficient to induce cell cycle progression in fatty hepatocytes.
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Deranged ATP Homeostasis
During liver regeneration, ATP is crucial in several events required for cell cycle transition from G1 to S phase. These events include activation of certain ion channels, thymidine kinase, and chromatin remodeling enzymes. 119 Therefore, ATP dysfunction most likely plays a crucial role in impairment of regeneration in fatty livers. Depletion of hepatic ATP synthesis in fatty hepatocytes has been reported to be the result of mitochondrial dysfunction. 120 Mitochondria are among the critical cellular organelles damaged by intracellular fatty acids through oxidants derived from increased lipid peroxidation dissolving the lipid membranes. 101 Interestingly, ATP depletion might, conversely, also protect steatotic livers from apoptotic cell death by directly inhibiting both caspase-3 activation and Jak kinase activation, preventing further caspase-3 activation. 110, 121 This might explain why the main form of death of fatty hepatocytes is necrosis instead of apoptosis as is the case in normal hepatocytes, when progression in cell cycle during proliferation is blocked.
DISCUSSION
Steatosis in hepatic surgery is step by step recognized as a clinically important feature that influences patient morbidity and mortality after hepatic resection. In the coming years, steatosis will become a major concern as the prevalence is closely linked to obesity, an epidemic phenomenon in Western countries. Surgeons are increasingly taking steatosis into account when planning the extent and type of hepatic surgery and are likely to consider possible preoperative and perioperative interventions to minimize the additional damage. However, there are certain pitfalls complicating preoperative assessment of steatotic patients. Currently, the single most reliable method to diagnose steatosis is a liver biopsy. 45 However, core biopsies contain a risk of complications and even of mortality 37 and, therefore, are not routinely performed in patients with normal or slightly elevated liver enzymes. This places a patient with steatosis at considerable risk as the current noninvasive imaging tests do not reliably exclude the presence of even severe steatosis. When a biopsy is available, after explorative laparotomy or as part of preoperative tumor staging, further assessment is further hampered by the unreliability of staining methods that might overestimate or underestimate the degree of steatosis. 32, 40 This is especially relevant in patients with a microvesicular component, 31 as this form of steatosis is related to more deranged energy homeostasis 39 and in a worst case scenario exposes the patient to severe postoperative complications and even mortality. 8, 51 The histologic evaluation and grading of steatosis should be standardized to avoid this pitfall. Furthermore, it is obvious that there is an urgent need for reliable noninvasive methods to detect steatosis and related pathologic features preoperatively.
Preoperative assessment targeted to identify steatosis is complicated because of the lack of specific diagnostic tools. Currently available laboratory workup and imaging modalities are too unspecific for accurate diagnosis. 30, 45 Presently, the most promising marker is the BMI as there is a correlation between hepatic steatosis and a BMI above 28 kg/m 2 . 34 This index, together with clinical presentation, might help to select candidates for liver biopsy as histopathology remains the gold standard for the diagnosis of steatosis.
Even though the mechanisms behind the injurious effects of steatosis in hepatic surgery are becoming unraveled, the actual risk remains unclear. Animal models applied in experimental studies have all biases precluding the extrapolation of results to the clinical situation. In the genetically modified rodents with leptin deficiency, it seems that the reported injury mechanisms and impaired regeneration are due to disturbed leptin signaling per se instead of steatosis. 122 In the nutrition-based rodent models, an imbalance of metabolic features is created that is not representative of the clinical situation. On the other hand, these rodents display the crucial pathogenic features for the development of steatohepatitis; therefore, these nutritional models better represent the clinical situation than the genetic ones that lack inflammatory changes. 123 The development of clinically relevant experimental models is also hindered by the spectrum of patients with different etiologic factors.
14 Different etiologic backgrounds lead to different forms of steatosis combined with a range of pathologic features unique to some etiologic factors. Furthermore, the clinical significance of the type and extent of steatosis is not clear as larger cohort studies applying uniform diagnostic criteria are missing. There are a few large cohort studies assessing the role of steatosis in postoperative recovery. 8, 9, 51, 52 However, there are some general problems in the reporting of these studies. The histopathology methods for diagnosis of steatosis are not frequently, if ever, mentioned. So, the reliability of diagnosis of steatosis remains uncertain, rendering the comparison of the results difficult. Uniform grading together with a more detailed description of the staining methods used and the number and sort of biopsies taken are important to compare different studies.
Various approaches have been proposed to improve the poorer postoperative outcome of patients with steatosis after liver surgery. The currently applied protective strategies are based on the increased susceptibility of steatotic liver to I/R injury 96 and can be classified into pharmacologic and surgical strategies and gene therapy. A positive effect by preconditioning with mild hypothermia or hyperthermia has been described in experimental studies but is yet to be applied in clinical studies. 124, 125 Although none of these approaches is currently routinely applied, it seems that surgical strategies such as ischemic preconditioning are the most promising. Ischemic preconditioning (IPC) consists of introducing a brief ischemic period before the actual surgical procedure improving microcirculation and subsequently increasing the cellular oxygen supply after I/R. 126, 127 This beneficial effect has also been shown in patients with mild to moderate steatosis by Clavien et al. 84 However, the beneficial effect of IPC in older patients and patients undergoing extensive resections is controversial as there are recent studies reporting specific negative side effects of IPC in these cohorts of patients. 133 It is clear that more research is needed in this field of surgery as the prevalence of steatosis is dramatically increasing together with the more graying population.
CONCLUSION
Steatosis plays an important role in hepatic surgery as it is a major risk factor in patient outcome after liver resection. This is due to lipid accumulation deranging hepatic energy homeostasis and inducing hepatocellular damage subsequently affecting hepatocellular recovery. Further research is needed to clarify the clinical relevance of the broad spectrum of all forms and severity grades of steatosis on patient outcome. Standardized grading and diagnostic modalities need to be applied in future clinical trials to be able to compare outcomes of different studies.
